High-field electron spin resonance (ESR) spectroscopy is currently undergoing rapid development. This considerably increases the versatility of spin labelling which, at conventional field strengths, is already well established as a powerful physical technique in membrane biology. Among the unique advantages offered by high-field spectroscopy, particularly for spin-labelled lipids, are sensitivity to non-axial rotation and lateral ordering, a better orientational selection, an extended application to rotational dynamics, and an enhanced sensitivity to environmental polarity. These areas are treated in some depth, along with a detailed consideration of recent developments in the investigation of transmembrane polarity profiles.
Introduction
Electron spin resonance (ESR) spectroscopy of spin-labelled lipids has long proved to be a valuable method for studying rotational dynamics and molecular ordering in lipid bilayers and biological membranes (Marsh, 1981 (Marsh, , 1989 Marsh and Horváth, 1989) . The sensitivity arises from the angular anisotropy of the ESR spectrum with respect to the orientation of the spectrometer magnetic field to the spin label magnetic axes (see Fig. 1 ). This is coupled with the well-known sensitivity of magnetic resonance spectra to exchange processes, in this case by rotational diffusion between different angular orientations. To exhibit visible effects on the ESR spectrum, the rate of rotational motion must be comparable to the angular frequency equivalent of the spectral extent covered by the rotation. As the rotation rate increases, the spectral lines corresponding to the spin-label x, y and z-axes first broaden, next begin to move towards one another, then coalesce to an intermediate average position, and finally narrow about the collapsed position. In the slow motional regime, the linewidths and line shifts are a measure of the rotational rate (Freed, 1976) . In the fast motional regime, the residual spectral anisotropy is a measure of the molecular ordering or angular motional amplitude, and the linewidths are determined by the rotational frequency or correlation time (Seelig, 1976) .
In conventional spin-label ESR spectroscopy at an operating frequency of 9 GHz, g-value anisotropy makes little contribution. Spectral anisotropy is dominated by the hyperfine interaction with the 14 N-nucleus of the nitroxide spin label. The ESR spectrum is then sensitive to rotational correlation times in the range 10 − 10 -10 − 8 s (see, e.g., Marsh and Horváth, 1989) , with optimum sensitivity in the nanosecond regime. This corresponds exactly to the timescale of rotational motion of the lipids in biological membranes. In consequence, spin-label ESR at conventional frequencies and field strengths has become a standard technique for studying lipid dynamics in membranes. This has proved to be particularly fruitful in the case of lipid-protein interactions (see . Because the rate of rotational motion required for averaging the angular spectral anisotropy matches that of the lipid chain motions in fluid bilayers, perturbations by membrane proteins are readily detected. By contrast, NMR spectroscopy is motionally sensitive down to much lower frequencies; most lipid motions are well into the fast motional regime and NMR spectra are less directly sensitive to lipid -protein interactions. Whereas the membrane applications of spin-label ESR at normal fields and operating frequencies are well established (see Berliner and Reuben, 1989; Berliner, 1998) , those at high fields are still comparatively in their infancy. Due to the considerable potential of the latter, and, because of the recent commercial availability of high-field spectrometers, the present review will concentrate mostly on this area. Methods and applications at conventional fields are adequately reviewed in the references already given.
The unique advantage of high-field spectroscopy over normal spin-label methods is that the g-value anisotropy is greater than that of the 14 N-hyperfine splittings. Only then are features corresponding to the spin label x-, y-and z-orientations completely resolved in the powder spectra from non-aligned membrane dispersions. This orientational site selection allows detailed examination of rotational motions about all three spin label axes. Some of the principal features of highfield spectroscopy that are to be discussed here are listed in Table 1 . Especially prominent among these are the detection of non-axial (i.e. x-y) ordering and use of the g xx -element as a sensitive indicator of environmental polarity. A catalogue of 94 GHz spectra from spin labels in different environments is given by Smirnov et al. (1998) . This also gives some idea of the breadth of possible applications. 
Practical considerations
From a pragmatic point of view, high-field spectroscopy for nitroxide spin labels can be defined by conditions under which the canonical x-, y-and z-orientational features are fully resolved in powder spectra. Practically this corresponds to microwave operating frequencies of 94 GHz (the so-called W-band) or higher. This is 10× the normal operating frequency of 9-9.5 GHz, and is the highest frequency of a commercially available spectrometer (from Bruker Analytik). A superconducting magnet with field of 3.5 T at 94 GHz is required, but adequate sweep widths (30-60 mT) can be provided by room temperature coils.
A high-Q TE 011 -mode cylindrical cavity resonator can be employed for microwave frequencies up to 140 GHz. Beyond this, relatively less sensitive Fabry Perot-type etalons and quasi-optical techniques are required. Sample handling is much more tricky than at the normal 9 GHz (X-band) microwave frequency, especially for non-frozen aqueous samples. Quartz sample capillaries with ID of 0.2 mm at 94 GHz and 0.1 mm at 140 GHz are advisable for cylindrical cavity resonators. As always with ESR of membrane samples, pelleting and removal of excess supernatant helps to reduce dielectric loss. This is particularly critical at high microwave frequencies, as is the exact positioning of the sample capillary in the resonator. Addition of glycerol can also serve to reduce dielectric loss of aqueous media. For etalon systems, quite different sample configurations are required, frequently as a thin film on the surface of one of the mirrors.
For general high-field spin-label applications with membranes, a W-band (i.e. 94 GHz) spectrometer is possibly most versatile. As will be seen later, the W-band spectra still retain the sensitivity to molecular mobility that accounts for much of the success of normal spin-label methodology. At much higher fields, such motions may be driven into the conventional slow motion regime or even to a pseudo-rigid limit, if the increased Zeeman anisotropy is considerably larger than the rotational frequency.
Orientational selection and g-value anisotropy
The basic philosophy behind high-field spectroscopy can be seen from the spin Hamiltonian for a nitroxide free radical:
Here, the first term represents the interaction of the unpaired electron spin S with the magnetic field H, where i e is the Bohr magneton and g (g xx , g yy , g zz ) is the g-value tensor. This term specifies the spectral resonance position. The second term is the interaction with the 14 N nuclear spin, I, which gives rise to field-independent hyperfine splittings, where A (A xx , A yy , A zz ) is the hyperfine tensor, which has nearly axial symmetry, i.e., A xx : A yy .
In the high-field approximation, the dependence of the nitroxide spin Hamiltonian on the orientation of the magnetic field, relative to the spin label axes is given by:
where (q, ) are the polar angles of the magnetic field direction, Z, in the nitroxide x, y, z-axis system (see Fig. 1 ). The isotropic (g o ), and axial (Dg) and non-axial (lg) anisotropic components of the g-tensor are given, respectively, by:
Similar expressions hold for the hyperfine tensor. These spin Hamiltonian tensor elements (deduced from high-field, rigid-limit powder spectra) are given for three DOXYL lipid spin labels in The improvement in orientational resolution with increasing field strength is illustrated for quasi-powder spectra in Fig. 2 . This gives the ESR spectra of a chain-labelled lipid spin label in random dispersions of highly ordered bilayer membranes. Spectra are displayed at different field strengths/resonance frequencies. At 9 GHz, the only feature unambiguously identified is the A zz outer hyperfine splitting; x-and y-features remain essentially unresolved in the centre of the spectrum. At 35 GHz, both the A zz hyperfine splitting and the g zz -orientational feature are resolved, but the low-field hyperfine line from this manifold and all x-and y-spectral features are crowded together at low field. Only at 94 GHz, are all three g xx , g yy and g zz features fully resolved, resulting in a complete orientational selection. In addition, all three 14 N-hyperfine lines are resolved in the z-and y-regions. This is not the case for the low-field x-region, because of additional inhomogeneous broadening associated with environmental polarity effects that will be discussed later.
The spin Hamiltonian given by Eq. (2) also allows one to estimate the correlation times at which rotational averaging of the g xx , g yy and g zz spectral features begins. For this to take place, the rotational rate must be greater than the angular spectral anisotropy to be averaged. Taking the nitroxide z-axis (see Fig. 1 ) as the principal axis about which rotation takes place, the critical correlation times for axial and off-axial rotation are, respectively:
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where ' is Planck's constant divided by 2y. In Fig. 1 ,~R corresponds to~a xial and~R Þ corre- Table 2 Magnetic tensor elements for 3-DOXYL-17b-hydroxy-5a-androstane (ASL; (Smirnova et al., 1995) ), 3-DOXYL-cholestane (CSL; ) and 5-DOXYL stearic acid (5-SASL; (Gaffney and Marsh, 1998) 14 N-hyperfine tensor and g-tensor elements are given by A ii and g ii , respectively, with ix, y, z as defined in Fig. 1 . g o =1/3 (g xx +g yy +g zz ); Dg= g zz −1/2(g xx +g yy ); lg= 1/2(g xx −g yy ) and similarly for a o , DA and dA.
a 3-DOXYL-17b-hydroxy-5a-androstane in o-xylene at −135°C (Smirnova et al. 1995) . b 3-DOXYL-cholestane in toluene at −123°C . c 5-DOXYL-stearic acid in a dry dimyristoyl phosphatidylcholine:myristic acid 1:2 mol/mol mixture at room temperature (Gaffney and Marsh, 1998) . Fig. 2 . Multifrequency ESR of a DOXYL spin-labelled lipid in membranes in a quasi-rigid state. ESR spectra of sn-2 (5-DOXYL) phosphatidylcholine in membranes of dimyristoyl phosphatidylcholine containing 40 mol% cholesterol at 10°C. Spectra are recorded at microwave frequencies of: 9 GHz (H 0.33 T), 34 GHz (H 1.2 T) and 94 GHz (H 3.35 T). The width of the magnetic field displays differs for the three spectra shown (Kurad et al., 2001 ).
Slow motion with orientational selection
The slow motional regime corresponds to ESR spectra that are not motionally averaged and still retain the orientational selection characteristic of rigid-limit powder spectra. Slow rotational diffusion has already been studied at 9 GHz microwave frequencies by means of the spectral broadening and inward shifts of the outer z-axis extrema, relative to the rigid limit spectrum (Freed, 1976) . The improved orientational resolution at high microwave operating frequencies allows such studies at all three, x, y and z canonical positions in the high-field spectra. Complex slow anisotropic rotations and the diffusion mechanism can then be studied in detail. Lebedev (1992) has shown that the relative magnitudes of the shifts and broadening may be used in a diagnostic fashion to determine the mode of rotational diffusion-Brownian, strong jump or librational diffusion-from the high-field spectra. Lee and Ames (1984) have obtained expressions for the broadening and shift of the canonical extrema in the spectra of radicals undergoing slow isotropic Brownian rotation (see also Lee and Tang, 1985) . In the intermediate field approximation, with an axially symmetric spin Hamiltonian, the linebroadening, 1/T 2, (m I ), of the parallel extrema is given by:
Brownian rotational diffusion
The critical values of these correlation times are listed in Table 3 for different microwave operating frequencies. Clearly, increasingly rapid rotation is required to produce motional averaging as the microwave frequency is increased. For comparison, the critical correlation time for off-axis rotational averaging of the anisotropy in hyperfine splitting is:~o ff-axis 5'/ (gi e DA) 2.1×10 − 9 s, independent of the magnetic field strength. The sensitivity of the spectrum to axial rotation about the z-axis, which is exhibited only by the g-value anisotropy, therefore first becomes comparable to the sensitivity to off-axial rotation in high-field ESR at 94 GHz. where H Þ (m I )− H (m I ) is the separation of the parallel and perpendicular extrema in the spectrum, k e (gi e /') is the electron gyromagnetic ratio, and the Lorentzian half-width is expressed in magnetic field units. The shift in the parallel line position, H (m I ), from the rigid limit position, H zz o , is given correspondingly by:
In both Eqs. (8) and (9), the isotropic rotational diffusion coefficient is D R =1/(6~R), where~R is the rotational correlation time. The isotropic average line position is given by H c =(1/3)(H + 2H Þ ), thus the linebroadening and line shift may be written in the more general form:
where the index i represents the x, y or z-axis. For slow Brownian rotational diffusion, the linebroadening is comparable in magnitude to the shift in line position. This is unlike the situation for strong jump diffusion.
Strong jump diffusion
The strong jump diffusion model has been parameterised quantitatively in terms of the familiar results for two-site exchange in magnetic resonance (Freed, 1976) . The increase in transverse relaxation rate, 1/T 2 , is equal to the two-site jump rate, 1/~J. The contribution to the linewidth is therefore simply:
in magnetic field units. The linewidths are therefore inversely proportional to~for strong jump diffusion, as opposed to the weaker~− 1/2 dependence for Brownian rotational diffusion. For twosite exchange between sites with resonance fields H A and H B , the reduction in spectral splitting is given by (Gutowsky and Holm, 1956) :
where (H A − H B ) o is the difference in resonance field in the absence of exchange. In this case, the average line position is H c = (1/2)(H A + H B ). For strong jump diffusion, the shift in the canonical resonance position from Eq. (13) is then given by:
The shift in line position given by Eq. (13) is a second-order effect and therefore is considerably smaller than that found for Brownian diffusion. From Eq. (14), it can be seen that for strong jump diffusion the shift decreases inversely with microwave frequency and therefore becomes even less significant in high-field spectroscopy.
The relationships between the line broadenings and line shifts for the two different slow rotational diffusion mechanisms and between highfield and normal-field EPR are given in Table 4 . Approximate numerical constants are given from the preceding equations, for uniaxial rotation around the x-, y-, or z-nitroxide principal axes. These values are calculated from the corresponding rigid-limit spin Hamiltonian tensor elements and correspond to the slow-motional limit. These quantitative values allow a qualitative distinction between slow Brownian and strong jump rotational diffusion (Lebedev, 1992) , as is indicated in Table 5 . For Brownian rotation, line broadenings and shifts are of comparable magnitude, whereas for strong jump diffusion the line shifts are much smaller than the line broadenings. Also included in Table 5 is the effect of fast librational motion of limited amplitude, in an otherwise rigid system. The librations are assumed to be sufficiently fast that they produce no line broadening, but they produce line shifts that are determined by the extent of partial motional averaging of the spectral anisotropy.
An example of this type of analysis applied to 94 GHz spectroscopy in a membrane system is given in Gaffney and Marsh (1998) . The off-axis chain flexing motions of spin-labelled phos- Table 4 Approximate numerical expressions for the dependence of the linewidths, 1/T 2,i (mT), and shifts, dH i (mT) of the canonical g ii spectral extrema on the rotational correlation time,~(ns), for slow rotational diffusion about the z- 
139.0~J
−2
5.68~J
−1
60.5~J
5.68~J
107.1~J
5.68~J
GHz
Values are given for both Brownian rotational diffusion (~R) from Eqs. (10) and (11) and strong jump rotational diffusion (~J) from Eqs. (12) and (14), and for different operating frequencies. First at 94 GHz are the g xx -features (1/T 2,x , lH x ) resolved from the g yy -features (see Fig. 2 ), and rotation about the z-axis (in addition to that about the x-and y-axes) can then be analysed. Below 94 GHz, correlation times can be deduced reliably only from the g zz -features (1/T 2,z , lH z ) and only rotation about the x-or y-axes can be analysed.
phatidylcholine in liquid-ordered membranes containing high cholesterol approximate to Brownian rotational diffusion with effective correlation times in the range~R Þ 1.5 −7.5 × 10 − 8 s depending on the position of chain labelling.
Fast anisotropic rotation
High-field ESR extends the sensitivity of spinlabel ESR to faster rotational correlation times and increases the sensitivity of fast-motion spectra to rotational anisotropy. Although these features have not yet been exploited much in membrane systems, rapid anisotropic segmental motion of spin-labelled cysteine side chains has been detected in an aqueous peptide by ESR at 140 GHz (Bennati et al., 1999) . Applications to membraneactive peptides therefore can be anticipated.
In the fast motional regime, the differential line broadening of the three motionally averaged 14 Nhyperfine lines is given by:
where m I = −1, 0, + 1 is the nuclear magnetic quantum number of the high-, central and lowfield lines, respectively. The linewidth coefficients are related to the rotational correlation times~2 0 and~2 2 by (see Goldman et al., 1972) : Table 5 Relative values of the shift, H i −H ii o , and broadening, (1/T 2,i −1/T 2,i o ), of the canonical extrema for different modes of molecular rotation (see (Lebedev, 1992) )
Anisotropic rotational diffusion is characterised by differential effects on the ix, y, or z canonical positions. e.g. for preferential rotation around the z-axis: x, y\z. 
Calculated from Eqs. (16)-(18). Correlation times~2 0 and~2 2 are in ns, and linewidth coefficients A-A%, B and C are in mT. The C-coefficient is independent of the microwave frequency. Spin Hamiltonian parameters used are those of spin-labelled ASL that are given in Table 2 . Values for isotropic rotational diffusion are obtained by putting~2 2 =~2 0 (~R).
where non-secular terms have been neglected and pseudo-secular spectral densities have been put equal to the zero-frequency secular ones. The former assumption is valid for rotational correlation times longer than 10 − 11 s at 94 GHz and longer than 10 − 12 s at 250 GHz. The latter assumption applies for correlation times shorter than 10 − 9 s, although this value may be decreased at higher fields when the nuclear Zeeman interaction becomes appreciable. Note that the factors of k e in Eqs. (16)- (18) imply that the hyperfine anisotropies DA and dA are expressed in magnetic field units. In Eq. (16), A% represents other homogeneous broadening mechanisms such as spin rotation, Heisenberg exchange, etc. This residual line broadening has often precluded use of the A-coefficient for determining rotational correlation times from linewidth measurements in normal low-field ESR.
The rotational correlation times,~2 0 and~2 2 , in Eqs. (16)- (18) Table 6 . These are given in terms of the anisotropic rotational correlation times~2 0 and~2 2 (cf. Eqs. (19) and (20)), where the nitroxide z-, x-or y-axis is the principal rotational axis.
The advantages of high-field ESR are seen immediately from Table 6 . The quadratic field dependence of the A-coefficient means that this term dominates over the residual homogeneous line broadening mechanisms in high-field spectroscopy. In favourable circumstances, inhomogeneous broadening may also be ignored. Further, the B-coefficient comes to dominate over the Ccoefficient at high fields. This is important, because, the latter is relatively insensitive to motional anisotropy, for z-axis rotation, because, then the non-axial hyperfine anisotropy lA is very small (see Table 2 ). Finally, the largest linewidth coefficients are much greater at high frequency than at 9 GHz. It is this, which confers the sensitivity to faster rotational motions. Budil et al. (1993) have combined ESR measurements at 250 and 9.5 GHz to determine the x-, y-and z-elements of the non-axial rotational diffusion tensor of a small spin label (perdeuterated TEMPONE) in a low-viscosity isotropic solvent (deuterated toluene). Combination with 9.5 GHz measurements was necessary because, fastmotional linewidths at 250 GHz are dominated by the A-and B-coefficients and therefore are, relatively insensitive to the C-coefficient (see Table 6 ). This method has been applied to the fast-motional spectra of the spin-labelled steroid androstanol (ASL) in toluene at 94 and 9 GHz (Smirnova et al., 1995) . The rotational anisotropy, assumed independent of temperature, is characterised by z x =D R,x /D R,z =1.6 90.5 and z y = D R,y /D R,z =5.891.0. For this particular spin-labelled lipid (and also the cholestane derivative CSL), the nitroxide y-axis is directed approximately along the long molecular axis of the steroid nucleus.
As already mentioned, fast-motional analysis has been applied to study side-chain motion in a helix-forming alanine-based peptide in aqueous solution (Bennati et al., 1999) . The peptide was spin-labelled with a methanethiosulphonate derivative (MTSSL) at the single cysteine residue in the peptide. The 140 GHz ESR spectra indicated preferentially rapid rotation about the nitroxide x-axis (cf . Table 6 ) of the spin-labelled side chain with correlation times of~R =0.08 ns and~R Þ =0.21 ns at 33°C.
Lateral lipid ordering by cholesterol
Routinely, the chain segments in fatty acids or phospholipids are spin-labelled with the 4,4-dimethyl-oxazolidine-N-oxyl (DOXYL) moiety. The DOXYL ring (see Fig. 1 ) is stereospecifically attached with the principal z-axis of the 14 N-hyperfine tensor parallel to the long axis of the lipid chain. Therefore, ESR spectra at conventional fields are optimally sensitive to orientational order of the lipid chains relative to the membrane normal. This sensitivity to chain ordering and segmental rotational isomerism is the basis of many conventional membrane ESR studies with spin-labelled lipids and accounts for much of the success of the method (see e.g. Marsh, 1981 Marsh, , 1989 .
The 9-GHz ESR spectra of conventional DOXYL spin-labelled chains, whilst being optimally sensitive to order of the long axis, are, however, relatively insensitive to lateral chain ordering within the membrane plane. This is, because, the 14 N-hyperfine tensor (see Table 2 ) has close to axial symmetry about the nitroxide zaxis, and at conventional magnetic fields g-value anisotropy is relatively unimportant. As pointed out in a previous section, to obtain sensitivity of the DOXYL labels to rotation about the chain long axis (i.e. about the nitroxide z-axis) it is necessary to use high-field spectroscopy. Recently, we have found that the g xx and g yy features are resolved in the 94 GHz ESR spectra of DOXYL spin-labelled lipid chains when these are incorporated in phospholipid bilayers containing a high concentration of cholesterol (Gaffney and Marsh, 1998 ; and see e.g. Fig. 2 ). This non-axiality has allowed study of lateral phospholipid ordering and possible domain formation by cholesterol in liquid-ordered membrane phases (Kurad et al., 2001) .
As an example, 94-GHz ESR spectra of bilayer membranes prepared from dimyristoyl phosphatidylcholine with 40 mol% cholesterol are given in Fig. 3 . Spectra correspond to the liquidordered phase and are given for DOXYL spin labels attached at different C-atom positions in the sn-2 chain of phosphatidylcholine. The non-axial anisotropy between the g xx -and g yy -positions is seen very clearly in the spectra for spin labels down to C-atom n =10 in the chain. For 12-PCSL (i.e., n= 12), the g xx -g yy anisotropy is partially collapsed and is completely averaged for 14-PCSL which is spin-labelled close to the terminal methyl of the sn-2 chain. For the latter, a single broad first-derivative-like feature is observed at the average g xx , g yy -position.
The rotational averaging of the line positions in Fig. 3 can be analysed quantitatively by using the high-field spin Hamiltonian given in Eq. (2). For   Fig. 3 . High-field 94-GHz ESR spectra of DOXYL-spin-labelled phosphatidylcholine at 0.5 mol% in fully hydrated membranes of dimyristoyl phosphatidylcholine plus 40 mol% cholesterol at 30°C. The position, n, of the spin label in the sn-2 chain is indicated in the figure (Kurad et al., 2001) . each 14 N-hyperfine manifold, m I , the resonance field is given by:
where H o res is the isotropic resonance position and w is the microwave frequency. The angular parentheses represent motional averaging over the spin label orientation relative to the static field direction. This rotational averaging is of limited amplitude but is assumed to be fast relative to the spectral anisotropy being averaged. Site selection is retained in the partially averaged powder spectrum, which is characterised by the following effective motionally averaged elements of the g-tensor:
These approximations are deduced from Eq. (21) assuming that the z-axis is highly ordered. The g xx , g yy elements are then primarily sensitive to rotation about the chain long axis and the g zz element to off-axis excursions (see Fig. 1 ). More exact expressions can be found in Kurad et al. (2001) . Fig. 4 gives the dependence of g xx , g yy and g zz on position of chain labelling in the cholesterol-containing liquid-ordered membranes. The profile of non-axial ordering exhibited by g xx and g yy corresponds to the expected location of cholesterol within the membrane. If the 3i-OH group is situated at the polar-apolar interface, then the rigid steroid nucleus of cholesterol extends to approximately C-atom n=11 of the sn-2 chain. The lateral ordering of the lipid chains, characterised by the large and approximately con- Fig. 4 . Effective g-tensor elements g xx , g yy and g zz as a function of spin-label position, n, in the sn-2 chain of phosphatidylcholine for membranes of dimyristoyl phosphatidylcholine-cholesterol (3:2 mol/mol) at 30°C (Kurad et al., 2001 ).
stant g xx -g yy anisotropy is therefore induced by the sterol nucleus. Beyond this, axial rotation rapidly sets in and is coupled to an increase in the amplitude of segmental off-axis motion that is seen from the values of g zz (and is also manifested in the asymmetric motional averaging of g xx and g yy -see Kurad et al., 2001) . The lateral ordering of the lipid molecules by cholesterol in liquid-ordered phases could be a mechanism for the formation of segregated inplane membrane domains. Existence of the latter has been deduced indirectly from studies of detergent-insoluble cell membrane fractions that are rich in cholesterol, sphingolipids and GPI-anchored proteins (Brown and Rose, 1992) . The liquid-ordered phase has been implicated in such putative sphingolipid rafts that are proposed as vehicles for intracellular membrane sorting and a variety of cellular signalling processes (Simons and Ikonen, 1997) .
Spectral simulations for non-axiality
Resolution of the g xx and g yy features in highfield spectra may, in principle, be the result of two rather different modes of rotational motion. This depends on whether rotation is in the fast or slow regime and has very distinct consequences for the interpretation in terms of molecular interactions. Relatively rapid nonaxial -rotation of restricted angular amplitude leads to only partial averaging of the g xx −g yy tensor anisotropy. This situation of in-plane ordering is that considered for cholesterol interactions in the preceding section. Alternatively, slow but unrestricted axial rotation in the x −y plane, with a correlation time such that R '/(g xx − g yy )i e H (cf. Table 3), could also give rise to incomplete averaging of the g xx −g yy anisotropy. In this latter case, there is no preferential in-plane orientation; the x −y anisotropy depends solely on the rate of motion.
Discussion has already been given of the distinction between slow unrestricted motion and rapid 'librational' motion of limited amplitude (see Table 5 ). In principle, these features can be used to distinguish the two possible origins of g xx − g yy anisotropy. Rapid rotation of limited amplitude gives rise primarily to line shifts, whereas slow unrestricted axial rotation is accompanied also by appreciable line broadening. In practice, other sources of linebroadening-particularly from off-axial motions-can make the distinction not so clear cut. Therefore in more complex situations spectral simulation is required.
High-field spin-label simulations directed particularly at the non-axial lipid ordering by cholesterol have been performed by Livshits and Marsh (2000) . Two relatively simple models were used to keep the number of free parameters to a minimum consistent with adequately distinguishing between the two physical cases. These are fast-motional and slow-motional models, respectively.
Rapid rotations of limited amplitude
The fast-motional model (Israelachvili et al., 1975) uses perturbation theory to describe relatively rapid motions that are restricted in angular amplitude both of off-axis motion (q) of the nitroxide z-axis and of -rotation around the z-axis (i.e., the x− y amplitude). It is assumed that the angular excursions of the nitroxide z-axis are confined to a cone of angle q= q o , and that the maximum azimuthal excursions of the nitroxide x-(or y-) axis about the z-axis are given by = o . Within these angular ranges, the probability of a particular orientation (q, ) is taken to be random (i.e., the usual sin q weighting for the q-distribution). The motionally averaged spectral line positions H m I (q o , o ) are then given by Eq. (21), where the required angular averages are presented in Israelachvili et al. (1975) . Time-dependent perturbation theory then gives the rotational Lorentzian linewidths as:
where~R is the rotational correlation time that is assumed for simplicity to be the same for axial and off-axis rotations. In Eq. (25), H m I (q, ) is the instantaneous resonance position for a general orientation q, of the magnetic field. It is given by Eq. (21) without angular brackets. The outer angular brackets in Eq. (25) represent a further angular average over the orientational ranges q= 0 to q o and = 0 to 9 o . This requires evaluation of higher angular averages, e.g. cos 4 q, which are also given in Israelachvili et al. (1975) . . The spin Hamiltonian parameters and residual linewidths used in the simulation are those representative of DOXYL lipid spin labels in membranes (cf. Table 2 ). Correspondingly, the low-field peak is relatively broad, because of g xx -strain that arises from inhomogeneities in the local environmental polarity (see later sections). Increasing amplitudes of axial rotation progressively average the anisotropy between the g xx and g yy canonical regions of the spectrum. Essentially complete averaging is obtained for o : 90°. The width of the resulting single, first-derivative like feature in the g xx , g yy region is then determined by the rotational ratẽ R − 1 (see Eq. (25)).
Axially anisotropic jumps of unrestricted frequency
The model chosen as particularly appropriate to slow motions involves uncorrelated jumps of the nitroxide z-axis restricted within a cone of angle q o and rotational jumps around the z-axis over the full angular range =0 -2y. This is an extension of the symmetric-top jump model of Livshits (1976) to anisotropic media. The Bloch equations for the magnetization components M(u, w) are written as (Livshits, 1976) :
where E is the unit matrix, the static magnetization is M o = (0, M o ), and~R − 1 ,~R Þ − 1 are the jump rates for rotation around the z-axis and for rotation of the long axis, respectively. The Bloch matrix in Eq. (26) is defined by:
where H m I (q, ) is, as above, the general resonance position, H is the field coordinate for the lineshape, and T 2,0 − 1 represents the intrinsic linewidth. This model implies unrestricted uniaxial rotation over with a frequency~R − 1 , and limited rotation over the angle q from 0 to q o with frequency~R Þ − 1 . The steady-state solutions (dM/ dt= 0) of Eq. (26) . Right-hand spectra correspond to fully axial jump reorientation of increasing rate~R
, for a restricted off-axis amplitude of angle q o =30°with fixed overall rotational rate of~R − 1 =10 7 s − 1 (Livshits and Marsh, 2000) .
tions are given by the corresponding u(H, H m I ) solutions. The latter may be needed for highfield lineshape simulations, because dispersion admixture is sometimes unavoidable with aqueous samples. ) regime. Spin Hamiltonian parameters and residual linewidths are the same as those used for the previous simulations. As the rate of axial rotation increases, the separation of the g xx -and g yy -spectral features gradually decreases. At sufficiently high axial rotation frequencies, the g xx −g yy anisotropy becomes completely averaged.
Comparison of the left-and right-hand panels of Fig. 5 suggests that the differential patterns of line broadening that accompany loss of the g xx − g yy anisotropy should be sufficient to distinguish between the two models. Direct simulation of the experimental 94 GHz spectra from high-cholesterol membranes of the type given in Fig. 3 that the non-axial x − y anisotropy is a consequence of strictly limited rotation about the lipid chain axis, i.e., of lateral ordering of the lipid molecules in the membrane plane (Livshits and Marsh, 2000) . Simulations for unrestricted azimuthal rotation do not fit the spectra so well, indicating that resolution of the x − y features is not a result of the spectra being driven into the slow-motion regime by the high fields of 94-GHz ESR. In contrast, almost complete and relatively rapid axial motion was found from simulations (Livshits and Marsh, 2000) of 94-GHz spectra from spin-labelled fatty acids in phosphatidylcholine membranes not containing cholesterol (Smirnov et al., 1998) . This demonstrates that lateral ordering of the lipids is a particular feature of the liquid-ordered phase of cholesterol-containing membranes.
Aligned membranes and biaxiality
The physical size of oriented samples poses problems at high microwave frequencies, and they can only be accommodated in quasi-optical, etalon-type resonators. One such holder for aqueous samples is described by Barnes and Freed (1997) . Changing the sample orientation relative to the static field of the superconducting magnet also requires modification of the resonator configuration from a normal transmission-mode etalon to a 'shunt' Fabry-Perot resonator (Barnes and Freed, 1998a,b) . Barnes and Freed (1998a) have examined the spin-labelled steroid cholestane (CSL) in oriented membranes of dimyristoyl phosphatidylcholine (DMPC) in the gel phase by using 250 GHz ESR. This particular spin label has the nitroxide y-axis directed almost parallel to the long molecular axis of the steroid molecule. With the magnetic field parallel to the bilayer normal, a single first-derivative like resonance is observed at the position corresponding to g yy . With the magnetic field lying within the plane of the membrane, the spectrum is a two-dimensional powder spectrum. The extrema in the anisotropic powder pattern correspond to the g xx and g zz positions, with no features visible at the g yy position. The cholestane spin label is therefore oriented with its long axis almost parallel to the membrane normal in the DMPC gel-phase and is not rotating rapidly about this axis on the 250-GHz ESR timescale. This confirms previous similar studies at 9 GHz (Marsh, 1980) , where it was shown that rapid rotation about the long axis of CSL sets in first at the pretransition of DMPC.
Extraordinary results were obtained when similar 250-GHz ESR experiments were performed on aligned bilayers of dimyristoyl phosphatidylserine (DMPS) (Barnes and Freed, 1998a) . For the magnetic field parallel to the membrane normal, a broad first-derivative spectrum was found centred at the midpoint between the g yy and g zz positions. For the magnetic field in the plane of the membrane, a two-dimensional powder pattern with rather broad lines was observed. Unlike for DMPC, this powder pattern extended from the g xx position only as far as the (1/2)(g yy + g zz ) midpoint. The implications of these results are that, as in DMPC, the cholestane spin label does not rotate rapidly about its long axis in gel-phase DMPS. However, in DMPS, CSL reorients relatively rapidly about the x-axis which is normal to the plane of the steroid nucleus. This causes the long axis of the steroid to exchange between orientations parallel and perpendicular to the membrane normal. Such a strongly pronounced biaxiality in the ordering of an amphiphilic lipid in bilayer membranes is practically unprecedented, and, as already described, is not found for CSL in the gel-phase DMPC host.
Polarity dependence of hyperfine splitting
The conventional method of studying environmental polarity with nitroxide spin labels is via the overall magnitude of the hyperfine splittings. This aspect is considered here as an introduction to studies on the polarity dependence of the g-tensor by high-field ESR. In addition, advances have been made recently in the study of the polarity profile in lipid bilayer membranes by using conventional low-field spin label spectroscopy. It is therefore appropriate to discuss these in the present volume.
The polarity dependence of the 14 N-hyperfine splitting is usually characterised either by the isotropic hyperfine splitting constant, a o , or by the rigid-limit hyperfine tensor element, A zz . The isotropic hyperfine splitting, a o N , arises from polarisation of the electron spin density at the nitrogen nucleus by the unpaired electron in the free radical 2py-orbital. It is related to the unpaired electron densities, z N and z O in the 2py-orbital at the nitrogen and oxygen atoms, respectively, by a McConnell-type relation (Karplus and Fraenkel, 1961) :
where Q N : 2.42 mT and Q O :0.36 mT (Cohen and Hoffman, 1973) . Because z N +z O =1, the isotropic splitting is given by a o N :(Q N − Q O )z N +Q O and is directly proportional to the spin density on the nitrogen. Typically a o N 1.4 -1.6 mT for a nitroxide, which implies z N 0.5 -0.6. This value depends, however, on the polarity of the environment. The polarity dependence of the hyperfine splittings arises from shifts in the unpaired spin density between the two canonical structures:
where the right-hand structure is favoured by a polar environment and disfavoured by an apolar environment. It has the unpaired electron located on the nitrogen and therefore polar environments result in larger values of a o N . The A zz hyperfine tensor element is composed of an isotropic and an anisotropic part: A zz = a o + (2/3)DA. The anisotropic part arises from a magnetic dipolar interaction between the unpaired electron spin and the nitrogen nuclear spin. Therefore it also depends on z N , the unpaired electron density on the nitrogen. The result is that the polarity dependence of A zz is greater than that of a o N . For DOXYL nitroxides, the relation established experimentally between the two in solvents of different polarity is (Marsh, 1981; Subczynski et al., 1994) :
For homogeneous solvent systems, the environmental polarity is likely to be the same for the liquid state in which a o N is measured as for the frozen state in which the rigid-limit value of A zz is measured. In the latter case, it is necessary to choose solvent systems that form rigid glasses. For inhomogeneous systems such as membranes, environmental polarities in the fluid and rigid states might not be identical. For instance, water may be squeezed out from the interior of frozen membranes.
Stabilisation of the polar canonical form of the nitroxide is determined by the strength of the polarising or 'reaction' field of the solvent. This field is established by local polarisation of the solvent that is induced by the dipole moment of the nitroxide. For aprotic (i.e., non-H-bonding) solvents, this gives rise to a predictable dependence of a o N on the dielectric constant of the solvent (Griffith et al., 1974; Seelig et al., 1972) . In hydrogen-bonding solvents, the values of a o N are greater than would be predicted from the dependence on dielectric constant. Experiments in mixed solvent systems reveal that the additional increase in a o N is linearly proportional to the concentration of H-bond donor. In general, the complete dependence of the isotropic hyperfine splitting on polarity is given by (Gagua et al., 1978; Marsh, 1981) :
where m is the dielectric constant of the medium and p is the concentration of H-bond donor.
The strengths of the reaction-field and hydrogen-bonding contributions are specified by K w and K h , respectively. For DOXYL spin labels of the type used in spin-labelled lipid probes: a o o = 1= 1.38590.009 mT and K w =0.064 mT (Marsh, 1981) .
Polarity profile of lipid membranes
The environmental dependence of the isotropic hyperfine splitting, described by Eq. (30) in the previous section, can be used to determine the profile of polarity and water permeation across lipid bilayer membranes. Results established for bilayer membranes of dipalmitoyl phosphatidylcholine with and without equimolar cholesterol are given in Fig. 6 (Marsh, 2001) . Isotropic hyperfine splittings, a o N , were determined as a function of labelling position in the sn-2 acyl chain of sn-2-(n-DOXYL-stearoyl) phosphatidylcholine spin labels. Measurements were made at temperatures in the fluid membrane phase. For axially anisotropic spectra, the isotropic hyperfine splitting was calculated from the trace: a o N =(1/3)(A +2A Þ ), where A and A Þ are the hyperfine splitting constants for the magnetic field oriented parallel and perpendicular, respectively, to the membrane normal. For spin labels close to the terminal methyl group of the chains, a o N was measured directly from truly isotropic spectra recorded at high temperature. In both cases, lack of appreciable temperature dependence was used as a criterion to discount artefacts from slow motion or residual anisotropy, respectively.
The a o -profile given in Fig. 6 is mirrored about the membrane mid-plane, thus reflecting the trans-bilayer symmetry. A sigmoidal troughlike polarity profile represents the membrane hydrophobic barrier to permeation of water and polar solutes (for this reason the ordinate corresponds to decreasing a o N in Fig. 6 ). It has the so-called Boltzmann sigmoidal form that can be described for each bilayer half by (Marsh, 2001) :
where a o,1 N and a o,2 N are the limiting values of the isotropic hyperfine splitting constant before and after the barrier, n o is the midpoint at which a o N (n o )= (1/2)(a 0,1 N + a o,2 N ), and u determines the width of the transition region. Eq. (31) has a straightforward statistical thermodynamic interpretation. It represents a distribution between the two regions nBn o and n \ n o , where the distributional free energy changes linearly with distance into each region. It seems reasonable to identify these two regions with the interfacial and hydrophobic core regions of the membrane defined with liquid-state diffraction techniques by Wiener and White, (1992) .
Typically the position of the dividing surface is specified by n o 8 and the thickness of the transition region by u 1 CH 2 unit (Marsh, 2001) Having defined the permeation barriers in terms of Eq. (31) it is then possible to evaluate their contribution to the overall membrane permeability and the modification of this by cholesterol (Marsh, 2001) . The permeability barrier is given by (Diamond and Katz, 1974) :
where P is the permeability coefficient, K(x) and D(x) are the local partition coefficient and diffusion coefficient of the permeant species at position x into the membrane, and 2d is the diffusive thickness of the membrane. From the dependence of the polarity profile on local water concentration that is given by the term K h p in Eq. (30), it is reasonable to assume that the product K(x)D(x) for water has the same transverse profile as that given by Eq. (31) (see Marsh, 2001) . Performing the integration in Eq. (32) then yields the following contribution to the permeability barrier:
where d o is the transverse distance corresponding to chain position n o , and u is also expressed as a distance. K 1 D 1 and K 2 D 2 are the partition coefficient and diffusion coefficient products at the beginning of the apolar region and at the centre of the membrane, respectively. The first term in Eq. (33) is the normal diffusive resistance of a membrane of thickness 2d with solute partition and diffusion coefficients of K 1 and D 1 , respectively. The second term is the additional resistance caused by the permeability barrier. It can be viewed as an effective increase in membrane diffusive thickness, which from the data of Fig. 6 corresponds to approximately 12 CH 2 segments for dipalmitoyl phosphatidylcholine membranes. Assuming the barrier to be rate limiting, equimolar cholesterol is correspondingly predicted to decrease water permeability by approximately 50%, in agreement with experiment (Marsh, 2001 ). Interestingly, permeation profiles for oxygen, which is a small apolar solute, are similar to those for water, except that they are understandably of the opposite sense (see Marsh, 2001) . Oxygen profiles, which rigorously measure the K(x)D(x) concentration-diffusion product (Subczynski et al., 1989) , can be determined from spin-lattice relaxation enhancement experiments with spin-labelled lipids (see also .
Polarity dependence of the g-tensor
Polarity effects on the g-tensor first become of critical importance in high-field ESR. The polarity dependence of the g-values for nitroxide spin labels has been analysed by Kawamura et al. (1967) . They used the theory of Stone (1963) for the g-tensor of y-radicals. The second-order perturbation expression for a particular diagonal element, g ii , of the g-tensor involves cross terms between the magnetic field interaction and the spin-orbit coupling and is given by:
where p represents the unpaired electron orbital and m the other occupied and unoccupied orbitals. For nitroxide spin labels the unpaired electron is located in a 2p z y orbital, and the other important orbitals are the bonding and antibonding s-orbitals (b and a) of the N O bond and the lone pair orbitals (n) on the oxygen. The superscripts k, k% refer to the atom centres N and O, and n k is the corresponding spin-orbit coupling constant. For example, m (k) is the contribution of the atomic orbital from atom k to the molecular orbital m; the coefficient giving the weighting for this atomic orbital is designated C k (m) . For a nitroxide spin label, the bonding and antibonding N O s-orbitals are composed of linear combinations of 2s and 2p x orbitals. From Eq. (34) it therefore follows that the N O s-bond contributes only to the g yy -element of the g-tensor. If the lone pair is confined to a 2p y orbital on the oxygen, this then contributes only to the g xx -element of the g-tensor. Under these circumstances the elements of the g-tensor are given by (Kawamura et al., 1967) :
where g e (= 2.00232) is the free electron g-value;
are coefficients of the nitrogen 2p x orbital in the bonding and antibonding N O s-orbitals; C O,y (n) is the coefficient of the oxygen 2p y orbital in the lone pair orbital, etc. As usual, z N and z O are the unpaired electron densities on the nitrogen and oxygen atoms, respectively, and p NO is the partial bond order of the unpaired electron orbital. If the lone pair orbital is an sp 2 hybrid, the above is modified only in that the lone pair then contributes also to the g yy element, as well as to g xx . A term similar to that in Eq. (35), but involving the C O,x (n) admixture coefficient, is then added to the right-hand side of Eq. (36). Recent molecular orbital calculations, however, predict practically pure unhybridised 2p y -orbitals for the oxygen lonepair electrons (Steinhoff et al., 2000) .
Comparison of the expressions given by Eqs. (35)-(37) with the experimental g-tensors reported in Table 2 , reveals, as predicted, that it is the g zz element which has the smallest value, closest to that of a free electron. The largest deviation from the free electron g-value is for the g xx -element. This implies that the contribution to the g-value from the lone pair orbital is greater than that from the N O bond (which contributes only to g yy ). This fulfills the expectation that C O,y (n) : 1 and that the lone-pair lies closer in energy to the unpaired electron orbital than does the N O s-bonding orbital. Potentially, the solvent dependence of the g-tensor can be greater than that of the hyperfine tensor. As seen previously, the latter depends only on the distribution of unpaired electron density, z N . The polarity shifts in g-tensor, however, depend additionally on lowering of the lone-pair orbital energy, E n (indicated by the blue shift in the n-y* optical transition), as well as on delocalisation of the lone pair orbital (via the C O,y (n) coefficient). Experimentally, it is found that the g xx -tensor element displays by far the largest polarity dependence and that of g zz is rather small (Ondar et al., 1985) . Some representative measurements of g xx in glassy solvents of different polarities are shown in Fig. 7 . As the A zz hyperfine tensor element increases in more polar media (because, it is directly proportional to z N ), the g xx -tensor element progressively decreases, because it depends on z O = 1− z N . Data obtained at 250 GHz for DOXYL spin-labelled lipids in frozen hydrated dipalmitoyl phosphatidylcholine bilayer membranes are also given in Fig. 7 . A subset of the original data that does not display pronounced spin-spin broadening (i.e., spin label segregation) is presented in this figure. The absolute values of g xx are different for the DOXYL spin labels than for the piperidine-based (TEMPO) spin label. However, with differing polarity according to spin-label chain position, they display a very similar dependence on A zz to that of the TEMPOL spin label in glassy solvents.
A common feature of high-field spectra, such as the upper ones in Fig. 3 , is the greater width of the g xx feature than that of the g yy or g zz features. This is almost certainly linked to the greater polarity sensitivity of g xx relative to that of the other g-tensor elements. The additional broadening, or g-strain, represents a heterogeneity in polarity of the environment in which the spin label is located. Potentially, measurements of this type with spin-labelled lipids can provide more detailed information on the distribution of water in membranes.
Because the polarity dependence of the g-tensor is dominated by the oxygen lone pair orbitals, it is expected that the g xx -element will be particularly susceptible to hydrogen bonding. Data obtained for the isotropic hyperfine and g-values from 9 GHz ESR measurements already have revealed that changes in g o relative to those in a o N are greater by a factor of approximately 1.5 in hydrogen-bonding solvents than in aprotic solvents (Kawamura et al., 1967) . This result was not corroborated by Griffith et al. (1974) , however. Measurements of g-values at high fields therefore have better potential for distinguishing water-accessible (i.e., hydrogen-bonding) environments from other polar environments. An illustration is given in the following section.
Polarity profile in bacteriorhodopsin
The polarity profile of the proton channel in bacteriorhodopsin has been probed by Steinhoff et al. (2000) using high-field ESR of site-directed spin-labelled residues. The g xx tensor elements determined from frozen purple membrane dispersions are given as a function of the transmembrane position of the spin-labelled residue in the left-hand panel of Fig. 8 . Highest polarity, i.e., minimum value of g xx , is found for spin-labelled residue 162 in the loop between transmembrane helices E and F on the cytoplasmic side of the membrane, and for residue 129 in the loop between transmembrane helices D and E on the extracellular side of the membrane. These spin-labelled residues are fully exposed to the aqueous phase, because a value of g xx = 2.00834 is obtained for the spin label free in aqueous-glycerol solution. The largest value of g xx , i.e., the minimum in polarity, is reached at residue position 46, close to the middle of the membrane between the proton donor D96 and the retinal chromophore. In this region of the proton channel, the polarity reaches an intermediate value still considerably higher than that corresponding to hydrocarbon solvents (cf. Fig. 7) .
The dependence of the g xx -tensor element on the A zz element of the 14 N-hyperfine tensor is given in the right-hand panel of Fig. 8 . Two separate linear dependences are obtained depending on which Fig. 7 . Dependence of the g xx tensor element on the A zz 14 N-hyperfine tensor element for 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) in rigid glasses of different polarities (). (1) toluene; (2) hexamethyltriamide phosphate; (3) decalin: (4) butanol; (5) ethanol; (6) methanol; (7) glycerol-water (1:1) mixture. Data from Ondar et al. (1985) , measured at 140 GHz. Data for 1-acyl-2-[n-(4,4-dimethyloxazolidine-N-oxyl)stearoyl] phosphatidylcholines with differing n in frozen hydrated phospholipid bilayers ( ), measured at 250 GHz, are from Earle et al. (1994) . Fig. 8 . Tensor elements g xx determined from low-temperature 95-GHz ESR spectra of bacteriorhodopsin cysteine-replacement mutants spin-labelled with PROXYL -methanethiosulphonate. The sequence position of the labelled residue is indicated on the figure. Left-hand: g xx as a function of the transmembrane residue position, r, relative to residue 164. Right-hand: g xx as a function of the hyperfine tensor element A zz of the same label (Steinhoff et al., 2000) .
bacteriorhodopsin residues are spin-labelled. That for spin-labelled residues 46, 171 and 167 is 1.5 times less steep than that for the other spin-labelled residues. It is assigned to residues in a more aprotic environment, on the inward-facing surfaces of helices B and F. Analysis of the crystal structure of bacteriorhodopsin is consistent with such an interpretation. Residues 46, 171 and 167 have fewer water molecules and polar residues within a radius of 1 nm than do the other spin-labelled residues, which are located mostly in the extramembranous loops. A converse relation is found for the number of apolar residues within a sphere of the same radius (Steinhoff et al., 2000) .
Conclusions
Conventional ESR spectroscopy of spin-labelled lipids and proteins has proved extremely successful in the study of membrane structure and dynamics. High-field ESR spectroscopy now provides the potential to extend this versatility of the spin-label method. The directions in which this is possible are reviewed in the present paper. Of particular importance are the sensitivity to nonaxial rotations and lateral ordering, the polarity sensitivity of the g xx element of the g-tensor, and the enhanced sensitivity to rate and anisotropy of rapid segmental rotation. Measurements with non-frozen aqueous samples, although technically more difficult, are possible and a wide range of fruitful applications to membrane biophysics and structural membrane biology is to be anticipated in the future.
